Impaired elastin fiber assembly related to reduced 67-kD elastin-binding protein in fetal lamb ductus arteriosus and in cultured aortic smooth muscle cells treated with chondroitin sulfate.
Introduction
In the fetal ductus arteriosus (DA) disruption in the assembly of elastin fibers is associated with intimal thickening and we previously reported that fetal lamb DA smooth muscle cells incubated with endothelial conditioned medium produce twofold more chondroitin sulfate (CS) compared with aorta (Ao) cells (Boudreau, N., and M. Rabinovitch. 1991. Lab. Invest. 64:187-199). We hypothesized that CS or dermatan sulfate (DS), both N-acetylgalactosamine glycosaminoglycans (GAGs), may be similar to free galactosugars in causing release of the 67-kD elastin binding protein (EBP) from the smooth muscle cell surfaces and impaired elastin fiber assembly. Using immunohistochemistry, immunoelectron microscopy, and western immunoblot we demonstrated a reduction in the 67-kD EBP in fetal lamb DA smooth muscle in tissue and in cultured cells. Also, reduced EBP was observed in fetal lamb and neonatal rat Ao smooth muscle cells incubated with N-acetylgalactosamine GAGs, CS, and DS, but not with N-acetylglucosamine containing GAGs, heparan sulfate (HS), or hyaluronan. Reduction in EBP was related to shedding from cell surfaces into the conditioned medium. This was associated with impaired elastin fiber assembly in cultured cells, assessed both morphologically and by a relative increase in tropoelastin and decrease in desmosines. The EBP extracted from smooth muscle cell membranes binds to an elastin affinity gel and can be eluted from it with CS but not with HS. Moreover, the amount of EBP extractable from smooth muscle cell membranes correlated with the morphologic assessment. We propose that increased CS or DS, may The mechanism responsible for assembly of elastin fibers in blood vessels and other organs is not known. It has been proposed that the soluble precursor tropoelastin is secreted from cells and finds its way through the extracellular space to the growing elastin fiber where it interacts with glycoprotein microfibrils and becomes oriented in the proper alignment for cross-linking (see reviews, 1, 2). Previous studies (3) (4) (5) (6) suggest that the assembly process is mediated at the cell surface by an elastin-binding complex. This complex has been isolated from elastin-producing cells and consists ofthree proteins. Two integral membrane proteins (55 and 61 kD) form a transmembrane link between the extracellular compartment and the cytoskeleton. The third subunit is a 'detachable' 67-kD elastinbinding protein (EBP) ' that also has galacto-lectin properties. It binds the hydrophobic VGVAPG sequence in elastin, the cell membrane, and galactosugars via three separate sites. Binding of galactosugars to the lectin site of the 67-kD EBP lowers its affinity for both tropoelastin and for the cell binding site, resulting in the release of bound elastin and the dissociation of the 67-kD subunit from the cell membrane.
Galactosugar-containing microfibrillar glycoproteins may therefore be involved in the coordinated release oftropoelastin from the 67-kD binding protein on the cell membrane to the growing elastin fiber. An excess ofgalactose-containing components ofthe extracellular matrix, e.g., glycoproteins, glycosaminoglycans, or galactolipids may, however, impair elastin assembly by causing premature release of tropoelastin and the elastin-binding protein from the cell surface. In previous reports we have in fact shown impaired formation of mature elastin fibers in cultured or transplanted elastin-producing cells treated with agarose (7) or following the addition of excess free nonsulfated galactosugars such as lactose, galactose, orgalactosamine (3).
The ductus arteriosus (DA), an embryologic derivative of the sixth aortic arch, located between the pulmonary artery and the aorta, is a vessel in which there is impaired assembly of elastin fibers (8, 9 ). An increase in chondroitin sulfate (CS), an N-acetylgalactosamine containing GAG has been described in the media and neointima of the DA (10) , and in DA smooth muscle cells in vitro (1 1). We speculated that increased CS may lead to premature release of the EBP from DA smooth muscle cells and this may underlie the impaired elastin assembly ob-served. In association with impaired elastin assembly in the media ofthe DA vessel wall, there is smooth muscle cell migration into the subendothelium and proliferation leading to the formation of intimal cushions. These structures are essential for the DA to close when it constricts in the postnatal period (12) (13) (14) . Intimal cushions have some features which resemble intimal thickening associated with atherosclerosis and advanced pulmonary vascular disease and impaired assembly of elastin is a feature ofboth systemic (15) and pulmonary hypertension (16, and Todorovich-Hunter, L., H. Dodo, L. McCready, F. W. Keeley, and M. Rabinovitch, submitted for publication). Moreover, -increased galactosamine containing glycosaminoglycans (GAGs), CS, and dermatan sulfate (DS) are observed in wounded vessels (I17-19) and in atherosclerosis (20) (21) (22) (23) (24) (25) (26) (27) . The relationship between altered vascular elastin assembly and production ofgalactosamine containing GAGs has not, however, been established particularly in the setting of intimal thickening.
In this study, the amount of 67-kD EBP was compared in fetal lamb DA and Ao smooth muscle cells and tissue by immunohistochemistry and immunoelectron microscopy. The morphologic appearance was correlated with the amount of EBP extractable from smooth muscle cells. We tested the hypothesis in fetal lamb and in neonatal rat Ao smooth muscle cells, that a reduction EBP and impaired elastin assembly can result from excess N-acetylgalactosamine containing GAGs, e.g., CS and DS compared with N-acetyl-glucosamine containing GAGs (HA) and (HS). We then compared CS with HS in its ability to elute the 67-kD EBP directly from an elastin affinity column. We also assessed whether the effect of the GAGs on elastin fiber assembly influenced tropoelastin and protein synthesis.
Methods
Materials. Affigel-10 for the preparation of affinity columns was purchased from Bio-Rad Laboratories, Inc. (Richmond, CA). Species and type-specific secondary antibodies, goat anti-rabbit (GAR) and goat anti-mouse (GAM), conjugated with gold particles for EM-immunolocalization were purchased from Janssen Life Science Products (Piscataway, NJ (9, 11, 28) . Smooth muscle cells were grown from explants of the media as described (29) or were isolated after collagenase digestion (30) . The cultured cells were similar morphologically using either technique, and were characterized as smooth muscle using a monoclonal antibody specific to smooth muscle actin (31) . Also, no differences were seen in the following studies when comparing cells grown from explants or isolated after collagenase digestion. To Elastin was visualized on separate slides which were fixed in 3% paraformaldehyde for 10 min, then blocked with 0.5% M glycine and 1% BSA in PBS, and incubated with a polyclonal anti-elastin antibody (5 mg/ml, diluted 1:200) (35), followed by rhodamine-conjugated goat anti-rabbit secondary antibody (GAR-RITC) diluted 1:100. As a control for studies using the monoclonal antibody, normal ascitic fluid was used and as a control for studies using the polyclonal antibodies, normal rabbit serum was substituted for the primary antibody. Additional controls included secondary antibody alone.
Immunoelectron microscopy. Immunolocalization ofelastin and its 67-kD EBP by electron microscopy was performed by a postembedding method previously described (3 placed on nickel grids, blocked with 1% BSA and 0.5% Tween 20 in TBS, and treated with polyclonal anti-elastin antibody (5 mg/ml; diluted 1:400) or with monoclonal anti-67-kD antibody (BCZ 67; diluted 1:500) washed with appropriate secondary antibodies conjugated with 15-nm gold particles. Sections were then stained with uranyl acetate and lead citrate. In all immunostaining procedures, controls included substitution of nonimmune and antigen adsorbed sera for the first antibody. To quantify differences in EBP surface antigenic sites in DA compared to Ao, 10 smooth muscle cells selected at random from each vessel were assessed. Five adjacent l-m distances on each cell surface (50 per vessel) were marked off and the number of antigenic sites indicated by gold label was counted. Background counts were subtracted.
Electron microscopy. SMC cultures were also prepared for standard electron microscopic examination, i.e., fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer, postfixed with 1% osmium tetroxide in the same buffer, dehydrated in ethanol, and embedded in Spurr low viscosity resin, which assures high contrast of elastin even when thin sections are stained with uranyl acetate and lead citrate (30) .
Displacement of the 67-kD EBP from elastin affinity columns by GAGs. The elastin affinity resin was prepared using Affi-Gel 10 and coupled by mixing 20 mgKappa-elastin/ml ofresin accordingto manufacturer's directions. Active sites on resins were blocked by 0.1 M ethanolamine, pH 8. As controls, plain affi-gel columns blocked with ethanolamine, and insoluble elastin affinity columns prepared without affigel or other artificial supports were also used.
To investigate the ability of CS to bind selectively to the lectin site on the 67-kD EBP and dissociate the receptor-ligand complex, plasma membranes were prepared from cultured cells as previously described (36) . Membrane-bound proteins were extracted with 3 M guanidine HCI, 10 Quantification of67-kD elastin receptor subunit extractedfrom DA and Ao cells. The relative amounts of the 67-kD elastin receptor subunit which could be extracted from the surfaces of Ao and DA cells derived from fetal lambs was also compared by western immunoblot after treatment of the cells with lactose or chondroitin sulfate. Briefly, confluent cultures containing 10 x 106 SMC from each vessel were incubated for 15 min with 5 ml of 100 mM lactose or chondroitin sulfate (200 ,g/ml) in PBS. The media were collected and immediately dialyzed exhaustively at 4VC (3,500-4,000 mol wt cutoff membrane) against 0.1 M sodium bicarbonate, pH 8, containing proteinase inhibitors, and mixed with 2 ml of elastin affinity resin for 4 h at 4VC. The resins were washed as described above. All columns were then eluted using 100 mM lactose and 0.1% OBG. Subsequent washing ofthe columns with the same solution failed to elute any further protein indicating that the initial elution had been complete. The eluted proteins were dialyzed, lyophilyzed, and run on SDS-PAGE. The identity ofthe elastin binding protein was confirmed by western blot usingthe BCZ monoclonal antibody and the amount quantified by densitometry. Parallel blots were negative using either a monoclonal antibody to BSA or a polyclonal antibody to tropoelastin (proteins of similar molecular weight).
To address the fate of EBP lost from the surfaces of SMC treated with CS or DS, we assessed relative amounts of EBP extractable both from culture media as well as from the cell layers in 3-d cultures containing 10 X 106 Ao SMC following the same procedures described above and using insoluble elastin affinity columns. The identity of the EBP was assessed by western blot using the BCZ monoclonal antibody and the amount quantified by densitometry.
Results
Distribution of the elastin binding protein in Ao and DA cells and tissue. Immunostaining of Ao and DA light microscopic tissue sections from fetal lambs localized the 67-kD EBP to the smooth muscle cells of the vessel wall. A consistent increase in intensity of immunostaining was apparent in Ao compared to DA tissue sections from all three lambs ( Fig. 1 A and B) . In tissue prepared for electron microscopy, immunogold labeling of the EBP was primarily localized to the cell surface although some intracellular staining was apparent as well. A greater number of EBP antigenic sites were labelled on Ao compared to DA cell surfaces (Fig. 1, C and D ). There were 20±8 (SD) EBP antigenic sites/Mm on Ao cell surfaces compared with 8±4 (SD) EBP antigenic sites/Mm on DA cell surfaces (P < 0.0001). Consistent with these observations in tissue, cultured Ao cells from these lambs, when lightly fixed in the nonpermeabilized state at confluence or subconfluence, demonstrated strong fibrillar immunostaining over the entire cell surface (Fig. 2 A) . In contrast, cultured DA smooth muscle cells from these animals showed relatively scant, punctate, and focal distribution of immunostaining (Fig. 2 B) . The method of fixation made staining of intracellular components unlikely.
Influence ofexogenous GAGs on distribution and amounts of 67-kD EBP extractable from surfaces of Ao and DA cells.
When Ao smooth muscle cells were cultured with N-acetylgalactosamine containing GAGs, e.g., CS or DS, the distribution of the EBP by immunofluorescence was punctate and focal, similar to that observed on DA cells (Fig. 2, C and D) and this was evident at both 2 d after seeding as well as at 7 d when the cells were fully confluent. Addition of N-acetyl glucosaminecontaining GAGs, HS, or HA, had no effect on the strong fibrillar staining of the EBP over the entire Ao smooth muscle cell surface (Fig. 2 E) . When DA smooth muscle cells were incubated with either N-acetyl glucosamine or galactosamine containing GAGs, the punctate pattern of distribution of the EBP was not further altered.
Further studies confirmed that the 67-kD EBP could be eluted from an elastin affinity column with CS but not HS (Fig.  3) . We then showed that the amount of EBP extractable from Ao smooth muscle cell surfaces with CS or lactose was -2.5 times greater than the amount extractable from DA surfaces (Fig. 4) . We then confirmed by densitometric analysis of western immunoblots that even after treatment with CS or DS for 3 d, a large part of the EBP lost from cell surfaces could be detected in the culture media (Fig. 5) . This suggested that in the presence of galacto-GAGs, EBP lost from the cell surface stays in the medium, i.e., there is no evidence indicating major reuptake by the cells or incorporation in the matrix. In this experiment, we also showed that the 67-kD EBP could be immobilized and subsequently eluted from insoluble elastin affinity columns without any artificial support, whereas it failed to bind to affi-gel alone.
Effect of GAGs on elastin assembly in cultured cells. Immunohistochemistry of cell matrices revealed that the reduced density of the 67-kD protein was associated with impaired assembly of elastin judged by fewer well-organized elastin fibers in DA and in Ao cells treated with CS or DS when compared to control Ao cells or Ao cells treated with HS (Fig. 6, A-D) or hyaluronan (data not shown). The lack ofwell-assembled elastin in the DA compared to the Ao was confirmed by immunoelectron microscopy (Fig. 7 B) . Well ment with HS (Fig. 7 E) or hyaluronan (data not shown). In contrast, in DA smooth muscle cells, and in Ao smooth muscle cells treated with CS or DS sparse immunogold label was scattered among a microfibrillar intercellular network, and well assembled elastin fibers were not evident (Fig. 7, C and D neonatal rat aorta smooth muscle cells in culture, orderly assembly oflamina was also prevented by incubation with CS or DS (Fig. 8) .
Using biochemical techniques, we also confirmed that CS and CS-treated Ao smooth muscle cells assemble elastin poorly when compared with control and HS-treated cells. This was documented by ELISA using a specific anti-tropoelastin antibody as an increase in soluble tropoelastin measured in the medium and cell layer extract over a one week period in CS and DS compared to control and HS treated cells (P < 0.001 for all determinations) (Fig. 9 A) . In addition, assay of desmosines (reflecting insoluble elastin) measured by immunoassay after 7 d revealed control Ao smooth muscle cell values that were significantly higher than those from CS-treated cells (9,858±73 pmol/,gg DNA and 569±50 pmol/ug DNA, respectively) (P < 0.006). Total protein synthesis was not affected by any of these conditions (Fig. 9 B) confirming that these concentrations of GAGs were not toxic to the cells.
Discussion
Impaired assembly of elastin in the DA is associated with smooth muscle cell migration and proliferation in the subendothelial space (intimal thickening), a feature which occurs in late gestation and assures that the vessel will close when it constricts postnatally. Congenital patency of the DA is associated with normal assembly ofelastin and lack ofintimal cushion formation (8) . In this study we have addressed the mechanism of impaired elastin assembly in the DA.
We observed a reduction in the 67-kD EBP in DA compared with Ao tissue judged by immunoperoxidase staining and confirmed by immunogold labeling as fewer antigenic sites , i t B t . , . . . . . . . . . . . . . . . . . . . . . . . . . 5  § . 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . : . ' ' t l s ' ' T 1 = , _ * ; e w n . -i e . i ' _ t 3 l t t " ? i ( Fig. 1) . The reduction in EBP was manifest also in cultured DA cells as sparse punctate immunofluorescent staining compared with the homogeneous fibrillar appearance in Ao cells (Fig. 2, A and B) . These morphologic features correlated with biochemical studies in which less EBP was extracted from DA compared with Ao cell surfaces (Fig. 4) . Also, we confirmed in cultured DA cells that decreased EBP was associated with impaired assembly of elastin (Fig. 7) . The DA contains a higher concentration of CS, a galactosamine-containing GAG, than the Ao (10, 1 1) and previously we reported that assembly of elastin fibers in cell culture was impaired in the presence of lactose, galactose, and galactosamine because these compounds detach the EBP from cell surfaces (3) . We therefore investigated the effects of galactosamine containing GAGs on both the distribution of the EBP on Ao smooth muscle cell surfaces and on the assembly of elastin fibers in cell culture. (Fig. 2) .
with binding of glycoproteins to specific cell surface receptors emoval ofthe EBP from the surfaces of Ao smooth or by changing the configuration of the matrix glycoproteins with CS or DS and its release into the medium causing a decrease in their association constant for the various associated impaired elastin assembly assessed bioreceptors (45) . We speculate that these compounds may also by increased tropoelastin (Fig. 9 A) and reduced promote cell migration by effects related to shedding of the as well as morphologically (Figs. 6 and 7) . In stud- (21, 25, 47) . Thus, through the lastin fiber assembly (Fig. 10) Figure 10 . A schema suggesting the mechanism of elastin fiber assembly. The assembly process is mediated at the cell surface by an elastin binding complex consisting ofthree proteins. Two integral membrane proteins (hatched bars) form a transmembrane link between the extracellular compartment and the cytoskeleton. The third subunit is a "detachable" 67-kD elastin-binding protein that also has galactolectin properties. It binds elastin, one ofthe cell membrane subunits, and galactosugars via three separate sites. Binding of galactosugars to the lectin site of the 67-kD protein lowers the affinity for both the elastin and for the cell binding site, resulting in the release ofbound elastin and the dissociation of 67-kD subunit from the cell membrane. Coordinated binding ofgalactosugar-containing glycoproteins of the microfibrillar scaffold to the 67-kD subunit with subsequent release of tropoelastin may be important in the normal assembly of the elastin fiber, whereas excess galactosugars from matrix components may "compete" and lead to abnormal assembly.
may have a previously unappreciated influence on the assembly of elastic laminae and on the mechanism of intimal thickening both in disease as well as in development.
